Context: Adrenocortical carcinoma (ACC) is a rare disease with a poor overall outcome. Transcriptome analysis identified two groups of ACCs with different prognosis. In aggressive ACCs, somatic mutations of the tumor suppressor gene TP53 and the proto-oncogene b-catenin are detected in 50% of cases. For the remaining aggressive ACCs and for the group with a better prognosis, molecular alterations are unknown. Objective: To identify new molecular actors driving adrenal tumorigenesis. Experimental design: Analysis by mass array of 374 mutations among 32 common oncogenes or tumor suppressor genes was performed on the tumoral DNA of 26 ACCs, using Sequenom OncoCarta Panels. Results: Four mutations were identified, two previously known b-catenin mutations and one alteration in two other genes: JAK3 and retinoblastoma gene (RB1). The JAK3 alteration was found in leukocyte DNA and therefore considered as a polymorphism and not a somatic event. The full RB1 tumor suppressor gene was subsequently sequenced in a cohort of 49 ACCs (26 ACCs from the 'OncoCarta cohort' and 23 other ACCs): three somatic mutations were identified, all in the poor-outcome ACC group. By immunohistochemistry, a loss of the retinoblastoma protein (pRb) was found exclusively in aggressive ACCs in 27% of cases (seven out of 26), three of them with an inactivating RB1 mutation. Among the seven pRb-negative ACCs, five had an allele loss at the RB1 locus. Conclusions: Parallel analysis of somatic mutations among known cancer genes allowed us to identify RB1 as a new actor in aggressive ACCs. These results suggest a prognostic significance of pRb expression loss in ACCs.
Introduction
Adrenocortical carcinoma (ACC) is a very rare neoplasia arising from the adrenal cortex with an incidence of one to two cases per million per year. The overall prognosis is poor with an overall survival rate of 38% at 5 years (1) .that two subgroups of ACCs with a completely opposite prognosis could be distinguished (2, 3) . Adrenocortical tumorigenesis is partially understood. Somatic alterations of three key players in carcinogenesis have been well characterized in ACCs: a frequent overexpression of insulin-like growth factor 2 (4), inactivating mutations of the tumor suppressor gene TP53 (5), and activating mutations of the proto-oncogene b-catenin (CTNNB1) (6, 7) . The poor-prognosis ACC group is partially explained by the TP53 and CTNNB1 mutations, which are only found in aggressive ACCs with a mutually exclusive pattern (8) .
To help define the prognosis and find medication for patients with a metastatic disease, there is an urgent need to identify new pathways driving adrenocortical carcinogenesis. For this purpose, we decided to perform a somatic mutation profiling on tumoral DNA from ACCs. We used a sensitive method based on massive parallel sequencing of a large panel of well-known genes involved in carcinogenesis (Sequenom's OncoCarta). This method enables sensitive and rapid somatic mutation profiling in solid tumors or cell lines. Previous studies have validated the accuracy of Sequenom's OncoCarta to identify mutations in most of the oncogenes analyzed, with the expected frequency (9, 10, 11) . In this work, this technique allowed us to reveal the disruption of the key retinoblastoma protein (pRb) pathway in adrenocortical carcinogenesis.
Subjects and methods

Tumor samples
Forty-nine tumors were prospectively collected, and DNA was extracted as previously described (2) . The study was approved by the Institutional Review Board of Cochin Hospital. Each patient was fully informed and signed a written agreement. In a previous work, unsupervised analysis of transcriptomic profiles revealed two groups of ACCs with two opposite outcomes (2, 3): 41 differentially expressed genes were studied by quantitative RT-PCR. A prognosis predictor was built based on the combination of four genes: MCM5, VEPH1, PINK1, and SLC2A1. The predictor was a powerful tool to classify an extended cohort of ACCs in the poor or better prognosis groups (8) . Characteristics of the ACC cohort are shown in Fig. 1 .
OncoCarta assay
Among the 49 ACCs, 26 ACC tumors were analyzed by Sequenom's OncoCarta Panel v1.0 and v3.0 (Sequenom, Hamburg, Germany). These panels provide a useful tool for sensitive mutation screening by parallel analysis of 374 simple and complex mutations among 32 common oncogenes and tumor suppressor genes (see www. sequenom.com). 
Sanger sequencing
The RB1 promoter and the 27 exons were sequenced in the entire cohort of 49 ACCs, using primers previously described (12) . Sequencing was performed twice for each sample harboring a potential mutation.
Immunohistochemistry studies
Immunohistochemical staining for pRB was done using an anti-RB1 antibody (NCL-RB clone 1F8, Novocastra, Newcastle, UK). Paraffin-embedded tissue sections were available for 43 out of 49 tumors. Manufacturer's instructions were followed. A loss of pRB expression was considered only when a negative staining of the adrenocortical cells was associated with a positive staining of endothelial cells (positive control of the antibody). The immunohistochemistry analysis was carried out with the same technique described by Sharma et al. (13) . A loss of RB1 expression was considered only if nuclear pRB immunodetection scored negative.
RB1 promoter methylation and loss of heterozygosity analyses
Global RB1 promoter methylation of CpG islands was analyzed using a PCR-based methylation assay. Tumoral DNA was digested with the methylation-sensitive enzyme CfoI, which is inhibited by cytosine methylation of its recognition site (GCGC). RB1 promoter with CpG islands and a control fragment from the AFM gene without CpG were co-amplified by PCR with the AmpliTaq Gold (Applied Biosystems). The following primers were used for the RB1 promoter: CTGGACCCACGCCAGGTTTC and GTTTTGGG-CGGCATGACGCCTT (343 bp) and AFM: AGCTTTTGAAAG-CAGAGTCA and GTAACGGTAACAACCTGGAG (238 bp). RB1 promoter amplification occurs only when CpG sites are methylated and therefore uncut by CfoI. CpGenome Universal Methylated DNA (S7821, Chemicon, Millipore, Billerica, MA, USA) was used as a methylation-positive control. PCR products were analyzed by agarose gel electrophoresis.
Allelic loss at the RB1 locus was evaluated using three microsatellite markers (D13S153, RBi4, and D13S284). The three microsatellites were chosen because of their high informativity and location close to and within RB1 gene. Briefly, leukocyte and tumor DNA were amplified by PCR with the use of fluorescent-labeled primers. The analysis of the PCR product was done with an automatic sequencer (model CEQ 8800, Genetics Analysis System version 8.0; Beckman Coulter, Fullerton, CA, USA).
Expression analysis
The expression profiles derived from a previous study (2) were performed with the HG-U133 Plus 2.0 Affymetrix GeneChip arrays (ArrayExpress web site: http://www.ebi. ac.uk/arrayexpress, experiment E-TABM-311). In order to investigate the consequences of pRb loss on the expression of E2F-pRB target genes, we analyzed the transcriptome data of 29 ACCs in which pRb immunohistochemistry was carried out. Analyses were carried out using 'R' and the Limma test was used for group comparisons (LIMMA R package) as previously described (8) .
Results
Mutation profiling of known cancer genes (OncoCarta cohort)
A parallel analysis of 374 somatic mutations among 32 common oncogenes and tumor suppressor genes was carried out on 26 ACCs tumor DNA with two different OncoCarta panels (v1.0; v3.0). Four mutations were identified. Two CTNNB1 mutations (b-catenin mutation pS45F) were known from a previous study (6) . Interestingly, two other genes were found with a genetic alteration: the JAK3 gene (nonsynonymous alteration p.V722I, ACC no. 8) and the retinoblastoma gene (RB1) (c.1363COT, nonsense mutation p.R455X, ACC no. 10).
By direct Sanger sequencing, the JAK3 and RB1 genetic alterations were confirmed in tumor DNA. In order to determine if these alterations were a somatic event, the corresponding leukocyte DNA was sequenced. The JAK3 alteration was found in the leukocyte DNA. Moreover, in the database of single nucleotide polymorphisms (dbSNP, rs3213409) and in the Catalog Of Somatic Mutations In Cancer (COSMIC, COSM34213), this genetic event is considered as a possible polymorphism. For this reason, we decided to focus our attention on the retinoblastoma gene. rs4151539 respectively) and were therefore identified in the corresponding leukocyte DNA. A third genetic variation, an undescribed base substitution in intron 3 (IVS3C46 GOA, ACC no. 11), was found in the patient leukocyte DNA. In silico splice predictions (analyzed by using six tools as previously described (14, 15)) were negative, therefore this variation was not considered as a somatic mutation.
Among the three remaining genetic abnormalities, two were detected in splicing consensus sites (IVS7K2 AOG, ACC no. 7 and IVS7C3 AOT, ACC no. 8; Fig. 1 ) and were predicted to be highly damaging. The IVS7K2 AOG mutation was previously identified in a family with retinoblastoma (16) but the IVS7C3 AOT is not reported in the COSMIC database. The nonsense mutation (p.R455X, ACC no. 10) was previously reported in several tumor types (COSM895). Finally, three out of 49 ACCs (6%) were considered to carry an inactivating RB1 somatic mutation.
Immunohistochemistry, promoter methylation, and allelic loss studies
To determine if the pRb expression was altered in ACC, immunohistochemical staining was studied on 43 available tissue samples among the 49 ACCs. pRb nuclear staining was totally lost in the tumoral cells from seven ACCs (16%), three of which harboring a RB1 inactivating mutation (Figs 1 and 2) .
In order to explain the pRb lost in the seven tumors we carried out promoter methylation and loss of heterozygosity (LOH) analyses. No promoter hypermethylation was observed for these seven tumors (Fig. 3) . For ACC no. 10, the allele frequency of the mutated allele (81%, c.1363COT, p.R455X) in the mass-array screen was in favor of a WT allele loss in the tumor. The RB1 sequence electropherogram of the tumor DNA for the three mutated ACCs was also in favor of a complete (ACC no. 7 and ACC no. 10) or relative (ACC no. 8) loss of the WT RB1 allele in the tumor (Fig. 1) . Moreover, by analyzing the informative microsatellite markers in the LOH study, we observed that two more ACCs (ACC no. 3 and ACC no. 18) among the seven with a pRb loss had an allelic loss (Fig. 4) .
All RB1 alterations were found in the poor-outcome ACC group By integrating the previous data with the subclassification of the whole ACC cohort in two groups (29 ACCs with a poor and 20 ACCs with a better prognosis) (8), we observed that the RB1 genetic and pRB expression alterations were only associated with the poor-outcome ACC group (Fig. 1) . As a consequence, 10% (3/29) of the poor-outcome ACCs were carriers of a somatic RB1 mutation. In a similar way, 27% (7/26) of the poor-prognosis ACCs were found with a pRb loss. 
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Expression of E2F-pRB target genes (Supplementary Table 1 , see section on supplementary data given at the end of this article) was altered in the seven ACC with pRB loss. An overexpression of cell-cycle effectors negatively regulated by pRb, such as CHEK1 (checkpoint kinase 1), CCNE2 (cyclin E2), and MCM6 (minichromosome maintenance complex) was observed (P!0.001; Fig. 5 ).
Furthermore, and by contrast with TP53 and CTNNB1 abnormalities, RB1 alterations were not found with a mutually exclusive pattern ( Fig. 1 and Supplementary Table 2 , see section on supplementary data given at the end of this article). It is worth noting that four ACCs had a TP53 and a RB1 alteration simultaneously.
Discussion
Somatic mutation screening among known cancer genes allows to quickly identify genetic markers in cancer pathways. Using a similar method to ours (screening of w400 mutations in 33 cancer genes), MacComaill et al. (17) identified at least one somatic mutation in 37% out of 903 cancer tissues from 12 different sites. The genomic approach used in this study allowed us to recognize two previously identified CTNNB1 mutations, validating the sensitivity of the method. Interestingly, RB1 emerged as a new candidate cancer gene, never investigated previously in ACCs.
The key aspects of the study are the discovery of RB1 gene mutations in aggressive ACCs with the loss of the pRb. RB1 is a well-known gatekeeper tumor suppressor gene, whose loss or inactivation leads to uncontrolled cell proliferation (18) . RB1 is mutated in various types of cancer with tissue specificity. In the COSMIC database, the highest RB1 mutation frequencies are found in eye (28.9%), urinary tract (19.6%), large intestine (17.3%), and bone (12.3%) carcinomas. RB1 mutations are less frequent in endometrium (8.7%), lung (6%), salivary gland (5%), CNS (4.2%), liver (3.9%), ovary (3.1%), and pancreas (1.5%) carcinomas. The RB1 mutation rate in ACCs remained unknown. With a 6% mutational frequency, or 10% if one considers only the ACC group with a poor prognosis, RB1 should be viewed as an actor of ACC development. The loss of pRb expression was even more prevalent (27%) in the aggressive ACCs. Somatic mutations and LOH are the two mechanisms of RB1 inactivation identified in this study. Small deletions (missed by direct sequencing and LOH study) 
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Clinical Study B Ragazzon and others RB1 in aggressive adrenocortical carcinomas 170:3encompassing one of the 27 exons of RB1 may be another mechanism explaining the loss of pRb. Translocations, alterations in regulatory regions or deep intronic mutations are other possibilities. It is worth noting that in 3-4% of retinoblastomas, only one RB1 mutation could be identified, suggesting an independent mechanism (19). RB1 is another gene after TP53 and CTNNB1 for which recurrent abnormalities are identified in ACCs. It is worth mentioning that in the human ACC-derived NCI-H295R cell line, somatic mutations in only three genes have been identified. TP53 and CTNNB1 are already known to play a crucial role in adrenal carcinogenesis, and the third mutation involves RB1, inactivated through homozygous deletion (COSMIC mutation ID: 19554, c.862_2787del1926). It provides further evidence in support of a role for RB1 in adrenocortical malignancy.
As RB1 abnormalities were only found in the subgroup of aggressive ACCs, it might suggest that RB1 loss could be a late event in ACC. This has been demonstrated in resistant prostate cancer (13) . Another possibility could be the necessity to inactivate in the same tumor the p53 and pRb pathways. In that regard, it should be noted that four ACCs had a simultaneous alteration of both genes. Cooperation between these two pathways has been demonstrated in different human cancers (20, 21) .
To conclude, this study demonstrates for the first time pRb loss of expression in ACCs, and specifically in the subgroup of poor-prognosis ACCs. These findings point to a role of the pRb pathway in ACCs. The overall prevalence of mutations in ACC suggests the involvement of yet unidentified oncogenes or other molecular mechanisms of adrenal carcinogenesis. As somatic alterations affecting the pRb pathway generally occur with a mutually exclusive pattern (20, 22) , it can be anticipated that with the use of the next-generation sequencing, other abnormalities of this pathway will be reported. The combination of genomic approaches, including exome sequencing, SNP array genotyping, DNA methylation analyses, mRNA expression array data, and miRNA sequencing will allow to have an integrative and extensive molecular characterization of the disease, as reported in other cancers (23, 24, 25) . In this respect, comparative genomic hybridization reported amplification of the CDK4 oncogene and deletion of the CDKN2A and CDKN2B tumor suppressor genes, which are known actors of the Rb pathway (26) .
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